Atomically flat semiconducting materials such as monolayer WSe2 hold great promise for novel optoelectronic devices. Recently, quantum light emission has been observed from bound excitons in exfoliated WSe2. As part of developing optoelectronic devices, the control of the radiative properties of such emitters is an important step. Here we report the coupling of a bound exciton in WSe2 to open microcavities. We use a range of radii of curvature in the plano-concave cavity geometry with mode volumes in the λ 3 regime, giving Purcell factors of up to 8 while increasing the photon flux five-fold. Additionally we determine the quantum efficiency of the single photon emitter to be η = 0.46 ± 0.03. Our findings pave the way to cavity-enhanced monolayer based single photon sources for a wide range of applications in nanophotonics and quantum information technologies.
Optical microcavities enhance the light-matter interaction by concentrating the electric field [15] . By reducing the number of states accessible to emitters coupled to the cavity and focusing the radiation into well defined modes they serve to improve the properties of single photon sources via the Purcell effect [16] [17] [18] [19] . As single photon sources are an essential component of quantum information technology, the engineering of suitable optical environments is therefore imperative [20, 21] .
In this article we describe the integration of a single photon emitter hosted by a monolayer of WSe 2 into a range of open-access cavities. In contrast to their monolithic counterparts such as micropillar structures, photonic crystals and ring resonators, open-access cavities allow in-situ tunability with respect to emitter position and wavelength by using two freely movable mirrors [22, 23] . They thus enable integration of a versatile range of materials and both the coupling to the matter and the arXiv:1807.02778v1 [cond-mat.mes-hall] 8 Jul 2018 emission properties can be controlled with high precision [24] [25] [26] . In particular, recent advances in the fabrication method with a Focused Ion Beam (FIB) allow small radii of curvature of the concave feature, thus enabling ultra-small mode volumes in the λ 3 regime [22, 27] . This in turn enables a sizable Purcell effect even in the bad emitter regime, where the homogeneous linewidth of the emitter is larger than the linewidth of the cavity mode [23, 28] .
I. MONOLAYER WSE2 IN OPEN

MICROCAVITIES
The plano-concave microcavity consists of two opposing silica substrates, coated with a DBR comprising 13 pairs of SiO 2 /TiO 2 with a reflectivity above 99.95% at the center wavelength of λ = 740 nm. The mechanically exfoliated WSe 2 monolayer is transferred onto the planar mirror with a dry stamping process [29] . While this process leads to mostly multilayered WSe 2 stacks on the mirror surface, about five few micrometer sized spots showing monolayer properties were obtained on the sample (see Fig. 1a ,b). These monolayers showed PL from both delocalised neutral excitons and bright, localised and spectrally narrow emitters visible below 15 K (see PL map Fig. 1c ). The bright spots could be identified as single photon emitters (SPEs) with emission wavelengths around 750 nm, as described before [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . To obtain a localised cavity mode (see Fig. 1d ), another mirror with FIB-milled concave features with varying radii of curvature was positioned opposite of the SPE. Fig. 1e shows cross sections of the concave features obtained with an AFM, demonstrating a range of radii of curvatures between 3 µm and 25 µm which were used in this study (the fabrication process has been published before [27] To ascertain the correct cavity length and transverse position relative to the SPE, the cavity length was varied with one of the piezo microactuators and the PL spectrum (without any filtering) was collected. Fig. 2c,d shows two such cavity length scans, demonstrating bad transverse alignment (Fig. 2c ) and optimal transverse alignment ( Fig. 2d) and compare it to the experimental value F exp = τ fs τcav . In the experiment, F exp is not directly accessible because the emitter is deposited on the surface of the DBR, which influences the optical density of states even without an opposing mirror [30] . The excited state lifetime of τ hs = (4.3 ± 0.2) is therefore not the true free space lifetime. In fact, the relationship between the measured ratio of the lifetimes f = τ hs τcav and F exp is given by F exp = f (E − 1)η + f (we derive the given relations in the supplementary material). Here E is a factor that describes the enhancement (or suppression) of the decay rate caused by the DBR (for the low refractive in- Fig. 1e ) and as inferred from the transverse mode spacing in the analytic Gaussian beam description. Γcav, Q eff and V are the mode linewidth, effective quality factor of the cavity-emitter system and mode volume, which result in the effective theoretical value for F theo = 3λ 3 Q eff 4π 2 V + 1. f denotes the measured ratio of the excited state lifetime when emitting into the half-space above the dielectric mirror and within the cavity f = τ hs τcav . F theo and f can be used to calculate the quantum efficiency η of the SPE, which is shown in the last column (we derive the relation in the supplementary material). The values in brackets in the bottom row are inferred by assuming η = 0.46 for the emitter in the smallest cavity, as no transverse modes were visible to calculate Ropt.
dex terminated mirror used in the experiment we find E ≈ 1.2 through finite-difference time-domain (FDTD) simulations [31] ).
III. DISCUSSION
Our experiments allow us to infer the quantum ef- suggests that all the light is collected from the cavity mode irradiating through the planar mirror side. Since the reflectivity of this side of the cavity is lower than the opposing patterned side, we obtain a collection efficiency of η cav = 62.5% in this case (we give further information in the supplementary material). Assuming P sat ∝ F theo we find a ratio of 2Psat P sat fs F theo = 44%, 30%, 41% and 48% for the four cavities from largeest to smallest. For the I sat values we calculate a similar ratio, but subtract it from 1 to obtain losses (ie. deviations from the theoretically enhanced free-space saturation counts) of 
where g i = 1 − L/R i for both mirrors and R i the radius of curvature of the respective mirror. In our system we set g 1 = 1 and g 2 = 1 − L/R. The transverse mode spacing, from which we can infer the radius of curvature, is the wavelength difference of two successive modes with wavelength λ 1 and λ 2 and ∆m + ∆n = 1. Solving Eq. S1 for R in this situation we obtain (with λ 2 > λ 1 ): Here τ fs and τ cav are the lifetimes in free space and within the cavity respectively. The two most important quantities in the expression are Q eff , the quality factor of the system and V , the volume of the cavity mode. The expressions in the brackets quantify the spectral detuning υ, the dipole alignment ξ and the position of the emitter relative to the electric field χ respectively and should be close to unity in the optimised case.
thus gives the magnitude of the Purcell enhancement in this case. Q eff and V are given by
where δλ em and δλ cav are the linewidths of the emitter and the cavity respectively. λ is the wavelength of the cavity mode, which on resonance is the same as the wavelength of the emitter. In the expression for V , L is the cavity length and R is the radius of curvature of the concave mirror. To account for the fact that the cavity is open and a coupling to free space modes is possible within good approximation, the effective Purcell factor
Appendix E: Spontaneous emission in the vicinity of dielectric surfaces The Purcell effect is normally associated with a cavity-emitter systen. However, a similar enhancement or suppression in spontaneous emission rate can be observed for an emitter close to a dielectric interface originating from the change in the optical density of states [S4] . For an emitter oriented perpendicular (s) or parallel (p) to the the surface of a dielectric mirror ending with a low refractive index layer, the emission will be modified as shown in Fig. S2 (dotted lines). The continuous lines show the spontaneous emission rate of the emitter when a perfect metal mirror is used. All four datasets were obtained with finite-difference time-domain (FDTD) simulations, using a freely available software package [S5] .
Appendix F: Quantum efficiency
The quantum efficiency of an emitter is defined as η = γr γr+γnr , where γ r (γ nr ) is the radiative (non-radiative) decay rate and the lifetime of the excited state is given by τ fs = 1 γ fs = 1 γr+γnr . As the Purcell effect only affects the radiative decay channel, the total decay rate in the presence of a dielectric environment which changes the optical density of states is given by γ = F theo γ r + γ nr (assuming that the non-radiative rate is unchanged by the presence of the dielectrics and optimal emitter-mode coupling, ie. υ = ξ = χ = 1). In particular the choice ξ = 1 implies that the transition dipole of the emitter is aligned parallel to the planar mirror surface of the cavity (γ p in Fig. S2 ). We can thus write down the decay rates of an emitter positioned at the mirror surface radiating into the half-space above γ hs FIG. S2. Spontaneous emission rate of a dipole in front of a perfect dielectric mirror with a low refractive index last layer (DBR lll) and for a perfect metal mirror for different orientations of the dipole. As the distance d between dipole and mirror is varied the emission rate shows an oscillatory behaviour. For separations exceeding multiple wavelengths of the emission the free space properties of the emitter are recovered. Simulations were performed with the finite-difference time-domain (FDTD) method, using a freely available software package [S5] .
and an emitter within the cavity γ cav : γ hs = Eγ r + γ nr (S1)
Here E quantifies the enhancement (and suppression) of the radiative decay rate for a dipole positioned parallel to the surface of the low terminated DBR.
The effective Purcell factor measured in the experiment is given by F exp = γ cav /γ fs = F exp + 1. Experimentally we obtain the ratio between the two rates given in Eq. S1 and S2, ie. f = γ cav γ hs = F exp γ fs γ hs = (F theo − 1)η + 1 (E − 1)η + 1
where we have used the definition of the quantum efficiency η. We call f the measured enhancement. F exp is thus given as F exp = f (E − 1)η + f . For the quantum efficiency η we obtain:
